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Abstract
Ebola virus (EBOV) causes acute hemorrhagic fever in humans and non-human primates with mortality rates up to 90%. So
far there are no effective treatments available. This study evaluates the protective efficacy of 8 monoclonal antibodies
(MAbs) against Ebola glycoprotein in mice and guinea pigs. Immunocompetent mice or guinea pigs were given MAbs i.p. in
various doses individually or as pools of 3–4 MAbs to test their protection against a lethal challenge with mouse- or guinea
pig-adapted EBOV. Each of the 8 MAbs (100 mg) protected mice from a lethal EBOV challenge when administered 1 day
before or after challenge. Seven MAbs were effective 2 days post-infection (dpi), with 1 MAb demonstrating partial
protection 3 dpi. In the guinea pigs each MAb showed partial protection at 1 dpi, however the mean time to death was
significantly prolonged compared to the control group. Moreover, treatment with pools of 3–4 MAbs completely protected
the majority of animals, while administration at 2–3 dpi achieved 50–100% protection. This data suggests that the MAbs
generated are capable of protecting both animal species against lethal Ebola virus challenge. These results indicate that
MAbs particularly when used as an oligoclonal set are a potential therapeutic for post-exposure treatment of EBOV
infection.
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Introduction
Ebola virus (EBOV) is a filovirus causing severe viral haemor-
rhagic fever in humans and non-human primates (NHPs) [1].
There are five species of EBOV: Zaire ebolavirus (ZEBOV), Sudan
ebolavirus (SEBOV), Cote d’Ivoire ebolavirus (CIEBOV), Reston
ebolavirus (REBOV), and Bundibugyo ebolavirus (BEBOV) [2].
ZEBOV has the highest virulence with a case fatality rate of 60–
90% [1,3]. Although several attempts have been made to treat
EBOV infections [4–8], there are currently no commercially
approved vaccines or effective therapies, therefore new treatments
are needed. Several studies have been conducted to determine the
immune correlates of protection in EBOV infections either by
following natural infections, or in in vivo animal models [9–15].
Both T and B cell immunity was analysed and it was believed that
a strong early humoral immune response may have been a factor
in survival [11,16,17]. Additionally, in fatally infected patients
EBOV-specific IgG was absent, and IgM levels were low in
comparison to the survivors [16]. The passive transfer of immune
sera or whole blood was tested but its effectiveness is still
controversial as it has not consistently provided protection [10].
However, in mice experiments EBOV-specific sera was sufficient
for improving survival [10,18,19].
The key target for developing effective neutralizing antibodies
(NAb) is suspected to be the surface glycoprotein (GP) [20]. EBOV
GP is the only protein on the surface of the virus and is responsible
for receptor binding, viral entry, and cellular tropism [20–24]. GP-
specific NAb generated in several species were protective in some
animal models, however, the NAb titres are low in natural
infections and their effectiveness in humans remains to be
confirmed [10,25–27]. Antibodies blocking viral entry, by binding
the receptor or preventing viral fusion would be ideal candidates
for improving survival. Additionally, the primary pathology of
EBOV haemorrhagic fever is vascular injury and coagulation
abnormalities, and GP has been shown to cause cytotoxicity and
vascular permeability [28,29]. In fact GP-induced cytotoxicity has
been correlated with mortality rates in the different EBOV viral
species [28,30]. Taken together this suggests that prophylactic and
post-exposure treatment strategies involving antibodies specific for
the EBOV GP would be an effective intervention for an Ebola
infection.
Monoclonal antibodies (MAbs) against ZEBOV GP have been
created previously and tested in several animal models as a post-
exposure therapeutic [26,27,31–34]. However, the ability of each
of the MAbs to improve survival in a lethally infected animal
varied considerably. Some MAbs were able to protect mice
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KZ52 was 100% efficacious in guinea pigs, but did not protect
NHPs [26,35]. Overall, there area varietyofmechanisms employed
by MAbs to improve survival, and the ability of the MAb to
neutralize the virus is not essential. The MAbs tested so far are not
100% efficacious in all animal models therefore further research is
needed for more effective antibodies. The goal of this study was to
test a panel of MAbs specific for the ZEBOV GP for their efficacy in
protecting mice and guinea pigs from a lethal ZEBOV infection.
Previously, 8 ZEBOV GP-specific MAbs had been generated using
the VSVDG/ZEBOVGP vaccine as the immunogen [36]. A
preliminary study characterizing the MAbs found they all improved
survival in mice infected with a high dose of mouse adapted-
ZEBOV (MA-ZEBOV) [36]. As the MAbs were effective in the
mouse model it is possible that these MAbs could be used as a post-
exposure therapeutic for a ZEBOV infection. In this study
optimization of a post-exposure protocol is undertaken in both the
mouse and guinea pig model in order to determine the various
treatmentparameters, includingthe dose,treatmenttime,andMAb
combination, that are required to provide complete protection.
Materials and Methods
Ethics Statement
All infectious animal work was performed in the biosafety level 4
biocontainment laboratory at the Public Health Agency of
Canada, and approved by the Canadian Science Centre for
Human and Animal Health Animal Care Committee following
the guidelines of the Canadian Council on Animal Care. Animals
were acclimatized for 10 days prior to the start of the experiment,
and fed and monitored daily pre- and post-infection.
Viruses
The recombinant virus VSVDG/ZEBOVGP containing the Zaire
ebolavirus, strain Mayinga, glycoprotein (GP) in place of the VSV
glycoprotein (G) has been described previously [37]. The mouse-
adapted (MA-ZEBOV) and guinea pig-adapted (GA-ZEBOV)
ZEBOV strain Mayinga viruses were described previously [38,39].
Mice Immunization and MAb Production and Purification
The creation of 8 MAbs (1H3, 2G4, 4G7, 5D2, 5E6, 7C9, 7G4,
10C8) has been described previously [36]. Briefly, 6–8 week old
Balb/C mice were immunized with 10
7 pfu VSVDG/ZEBOVGP
intraperitoneally (ip), at 0, 4, and 8 weeks. A final boost with Zaire
ebolavirus like particles (eVLPs) was performed before harvesting
spleen cells and fusing with SP2/0 myeloma cells according to
Kohler and Milstein [40]. The generation of the ZEBOV GP/
VP40 eVLPs have been described previously [41].
The hybridomas were grown in Hybridoma SFM (Invitrogen),
1 mM L-Glutamine, 16 Antibiotic-Antimycotic (Invitrogen), in
roller bottles at 37uC, 5% CO2. Supernatant was cleared by
centrifugation and concentrated ten times using an Amicon Stirred
Cell system with a 30 kDA MWCO filter (Millipore). The
antibodies were purified on a HiTrap Protein G HP column(GE
Healthcare) using Protein A Binding Buffer and IgG Elution
Buffer (Thermo Scientific) according to manufacturers’ instruc-
tions. Positive fractions were pooled, concentrated, then buffer
exchanged into PBS using a 10 kDa MWCO Centriprep unit
(Millipore). Antibody purity, assessed by gel electrophoresis and
coomassie blue staining was .98%.
Animal Experiments
The 5–6 week old female Balb/C mice from Charles River,
(Quebec, Canada), were injected ip with the indicated amount of
ZEBOV GP-specific MAbs in 100 ml PBS at the times indicated
either before or after i.p. infection with 1,000 LD50 of MA-
ZEBOV. Female guinea pigs (Hartley strain), approximately
250 g, from Charles River, were challenged with 1,000 LD50 of
GA-EBOV i.p.. At the indicated times post-infection the guinea
pigs were treated i.p. with 1 ml of the MAb diluted in PBS. Naive
control animals received PBS only. Clinical signs of infection and
body weight were monitored for two weeks after challenge and
survivors were followed three times longer than the death of the
last control animal.
VSVDG/ZEBOVGP Plaque Reduction Neutralization Assay
(PRNT50)
ZEBOVGP-specific MAbs were serially diluted from 1/100–1/
12,800 in DMEM. Starting concentrations were 3.75, 3.46,
4.34 mg/ml for 1H3, 2G4, and 4G7, respectively. The MAbs
were added to an equal volume of 10
4 pfu/ml VSVDG/
ZEBOVGP, diluted with DMEM, in order to provide 200 pfu/
well. The virus-antibody combination was incubated at 37uC for
1 hour before adding 150 ul/well to a confluent 12 well tissue
culture plate seeded with Vero E6 cells. After a 1 hour incubation,
1 ml of MEM 2% FBS, 1% low melting point agarose was added
per well. Plates were incubated at 37uC5 %C O 2 for 48 hours
before adding 1 ml of 0.2% w/v crystal violet, 3.7% Formalde-
hyde, 2% Ethanol to each well for visualization of the plaques.
The assay was performed in triplicate, and a positive control (virus
with no antibody) and a negative control (no virus) incorporated.
The percent reduction was calculated by averaging the count of
the triplicate wells and comparing the number of plaques in the
test sample against the number of plaques in the positive control
(12(Test Sample plaques/Positive control plaques))6100=%
reduction.
Statistics
The log rank statistical test was performed for the Survival curve
using the GraphPad Prism 4 software program. The survival curve
for the MAb treated animals were compared to the survival curve
for the PBS control group.
Author Summary
Ebola virus (EBOV) causes acute hemorrhagic fever in
humans and non-human primates with mortality rates up
to 90%. So far there are no effective treatments available.
This study evaluates the protective efficacy of 8 monoclo-
nal antibodies (MAbs) against the Ebola virus surface
glycoprotein, in mice and guinea pigs. Various combina-
tions and doses of the neutralizing and non-neutralizing
MAbs were tested, and a post-exposure treatment
protocol was determined. There was 100% survival when
guinea pigs received a mix of 3 neutralizing MAbs two
days after a challenge with 1,000 LD50 of guinea pig-
adapted EBOV. This data suggests that the MAbs
generated are effective as a post-exposure therapeutic
for a lethal Ebola virus infection. Development of a post-
exposure therapeutic for an Ebola virus infection is vital
due to the high lethality of the disease, the relative speed
in which it kills, and the fact that no vaccine has been
approved for human use. Additionally, is it unlikely that
preventative vaccines will be employed, because Ebola
virus infections occur primarily in Africa, and to date have
only killed approximately 2,300 people making it finan-
cially unfeasible for a mass vaccination. Therefore, having
an effective therapy in the event of an outbreak would be
extremely beneficial.
Protective Ebola GP-Specific Monoclonal Antibodies
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Characterization of MAbs
Previously, 8 MAbs specific for the glycoprotein (GP) of
ZEBOV had been generated [36]. An initial characterization
demonstrated they bound to a variety of GP segments, and that all
8 MAbs were able to pull down ZEBOV GP1,2 in an
immunoprecipitation assay. In the current study, we further
characterized the MAbs using a plaque reduction neutralization
assay (PRNT50). The PRNT50 demonstrated that MAbs 1H3,
2G4, and 4G7 were neutralizing with a PRNT50 at a 1/200, 1/
800, and 1/6,400 dilution, respectively (Figure 1). All of the other
MAbs were non-neutralizing with 5D2 showing the highest degree
of neutralization at 38% (data not shown).
Protective Efficacy of MAbs in Mice
Preliminary experiments in mice suggested these MAbs would
be effective as a therapeutic for a MA-ZEBOV infection [36].
Figure 1. PRNT50 assay for MAbs. ZEBOVGP-specific MAbs were serially diluted, and added to an equal volume of VSVDG/ZEBOVGP for 1 hour at
37uC before adding to a confluent 12 well tissue culture plate seeded with Vero E6 cells. After 2 days the plaques were stained and counted. The
percent reduction was calculated by determining the percent reduction in plaques at each dilution in comparison to the positive control (virus with
no antibody). The assay was performed in triplicate.
doi:10.1371/journal.pntd.0001575.g001
Table 1. Protective efficacy of MAbs in mice.
MAb Treatment time
a Mean time to death
b No of survivors/total Survival (%)
1H3 21 6.6060.61 (n=10) 0/15 0
+1 8.1060.74 ( n=9) 6/15 40
2G4 21 7.8660.74 ( n=14) 1/15 7
+1 8.00 ( n=6) 9/15 60
4G7 21 7.0860.74 ( n=14) 1/15 7
+1 8.2560.43 ( n=4) 11/15 73
5D2 21 8.0061.00 ( n=2) 13/15 87
+1N / A
c 15/15 100
5E6 21 8.2560.43 ( n=4) 11/15 73
+1 7.00 ( n=1) 14/15 93
7C9 21 7.7560.43 ( n=4) 11/15 73
+1 8.0060.82 ( n=3) 12/15 80
7G4 21 8.0760.59 ( n=14) 1/15 7
+1N / A
c 15/15 100
10C8 21 7.6461.17 ( n=14) 1/15 7
+1 8.5060.50 ( n=2) 13/15 87
PBS 21 6.6060.80 ( n=5) 0/5 0
+1 5.0060.60 ( n=10) 0/10 0
aMice were treated i.p. with 100 mg of MAb at the indicated days before or after challenge with 1000 LD50 of the mouse-adapted Ebola virus.
bData for animals that died (number of animals in calculation).
cN/A: not applicable.
doi:10.1371/journal.pntd.0001575.t001
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establish the most effective treatment protocol. An in vivo mouse
model was utilized to determine the protective efficacy of the
individual MAbs (Table 1). Each MAb was injected either 1 day
before (21) or after (+1) a MA-ZEBOV infection (1,000 LD50) in
Balb/C mice. All control mice receiving PBS only had a mean
time to death of 6.6 and 5.0 days for the 21 and +1 day treatment,
respectively. In contrast, mice treated with MAbs (100 mg)
demonstrated either partial or complete protection. For the 21
day protocol, the MAbs 5D2, 5E6, 7C9 were most effective with a
73–87% survival rate, in comparison to the other 5 MAbs (1H3,
2G4, 4G7, 7G4, 10C8) where survival rates ranged from 0–7%.
Alternatively, every MAb performed better when given at 1 day
post-infection (dpi), with survival rates ranging from 40–100%.
Overall, the level of protection against lethality varied with each
MAb, and it appears that, in general, the MAbs are more effective
when given 1 day after a lethal MA-ZEBOV infection.
Dose-Dependent Protective Efficacy of the MAbs in Mice
Since the MAbs were most effective when given 1 day after the
lethal MA-ZEBOV infection, this treatment protocol was used to
determine the most effective dose for protection (Table 2). A dose
response was observed, and some MAbs were more potent than
others for a given dose. The lowest doses providing complete
protection from lethality for 5D2, 5E6, 7C9, and 7G4 were 12.5,
25, 50, and 100 mg, respectively. MAbs 4G7 and 10C8
demonstrated an 83% survival rate at the highest dose of
100 mg. MAbs 1H3 and 2G4 were not included as they were
not very effective at the highest dose in the first experiment
(Table 1). In the partially protected groups of mice, the mean time
to death ranged from 6.40 to 8.20 days in comparison to the
control mice (5.80 days). Overall, the various MAbs varied in their
potency in providing protection against a lethal MA-ZEBOV
infection in mice.
Table 2. Dose-dependent protective efficacy of MAbs in mice.
MAb
a Dose (mg/treatment) Mean time to death
b (days) No. of survivors/total Survival (%)
4G7 100 7.00 (n=1) 5/6 83
50 7.00 (n=1) 5/6 83
25 6.00 (n=3) 3/6 50
12.5 6.80 (n=5) 1/6 17
6.25 8.20 (n=5) 1/6 17
5D2 100 N/A
c 6/6 100
50 N/A
c 6/6 100
25 N/A
c 6/6 100
12.5 N/A
c 6/6 100
6.25 7.50 (n=2) 4/6 67
5E6 100 N/A
c 6/6 100
50 N/A
c 6/6 100
25 N/A
c 6/6 100
12.5 6.50 (n=2) 4/6 67
6.25 6.67 (n=3) 3/6 50
7C9 100 N/A
c 6/6 100
50 N/A
c 6/6 100
25 7.00 (n=1) 5/6 83
12.5 7.00 (n=1) 5/6 83
6.25 6.50 (n=4) 2/6 33
7G4 100 N/A
c 6/6 100
50 7.50 (n=1) 4/6 67
25 7.00 (n=1) 5/6 83
12.5 7.60 (n=5) 1/6 17
6.25 6.60 (n=5) 1/6 17
10C8 100 7.00 (n=1) 5/6 83
50 7.00 (n=1) 5/6 83
25 7.50 (n=4) 2/6 33
12.5 7.00 (n=5) 1/6 17
6.25 6.40 (n=5) 1/6 17
PBS 5.80 (n=5) 0/5 0%
aMice were treated i.p. with various doses of the MAb 1 dpi with 1000 LD50 of the MA-ZEBOV. The survival of the mice was followed.
bData for animals that died (number of animals in parentheses).
cN/A: not applicable.
doi:10.1371/journal.pntd.0001575.t002
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Using the most effective MAb dose of 100 mg, the treatment
time was extended in both directions in order to determine the
optimal time for treatment, and to see how late treatment can be
given before the survival rate declines (Table 3). A single dose of
100 mg for each MAb was injected either 1 or 4 days before a
Table 3. Time-dependent protective efficacy of MAbs in mice.
MAb Treatment time
a Mean time to death
b No of survivors/total Survival (%)
1H3 24 6.7060.61 ( n=10 ) 0/10 0
21 6.6060.61 ( n=10 ) 0/15 0
+1 8.1060.74 ( n=9 ) 6/15 40
+2 6.6060.80 ( n=5 ) 5/10 50
+3 6.4060.97 ( n=10 ) 0/10 0
2G4 24 7.4060.63 ( n=10 ) 0/10 0
21 7.8660.74 ( n=14 ) 1/15 7
+1 8.0060.00 ( n=6 ) 9/15 60
+2 7.3060.47 ( n=3 ) 7/10 70
+3 5.7061.13 ( n=10 ) 0/10 0
4G7 24 7.4260.46 ( n=7 ) 3/10 30
21 7.0860.74 ( n=14 ) 1/15 7
+1 8.2560.43 ( n=4 ) 11/15 73
+2N / A
c 10/10 100
+3 5.6761.34 ( n=9 ) 1/10 10
5D2 24 7.00 ( n=1 ) 9/10 90
21 8 .0061.00 ( n=2 ) 13/15 87
+1N / A
c 15/15 100
+2 7.0060.00 ( n=4 ) 6/10 60
+3 6.3061.05 ( n=10 ) 0/10 0
5E6 24 7.0060.00 ( n=2 ) 8/10 80
21 8.2560.43 ( n=4 ) 11/15 73
+1 7.00 ( n=1 ) 14/15 93
+2 6.00 ( n=1 ) 9/10 90
+35 . 8 61.03 ( n=10 ) 0/10 0
7C9 24 7.00 ( n=1 ) 9/10 90
21 7.7560.43 ( n=4 ) 11/15 73
+18 60.82 ( n=3 ) 12/15 80
+2 7.00 ( n=1 ) 9/10 90
+36 . 1 60.67 ( n=10 ) 0/10 0
7G4 248 . 2 60.71 ( n=10 ) 0/10 0
21 8.0760.59 ( n=14 ) 1/15 7
+1N / A
c 15/15 100
+2 7.1060.57 ( n=9 ) 1/10 10
+3 6.7060.44 ( n=10 ) 0/10 0
10C8 24 7.8360.64 ( n=6 ) 4/10 40
21 7.6461.17 ( n=14 ) 1/15 7
+1 8.5060.50 ( n=2 ) 13/15 87
+2 6.8360.37 ( n=6 ) 4/10 40
+3 6.3061.13 ( n=10 ) 0/10 0
PBS 24 5.4061.43 ( n=10 ) 0/10 0
21 6.6060.80 ( n=5 ) 0/5 0
+3 5.0060.60 ( n=10 ) 0/10 0
aMice were treated i.p. with 100 mg of each MAb at indicated days before or after infection with 1000 LD50 MA-ZEBOV. The survival of the mice was followed.
bData for animals that died (number of animals in calculation).
cN/A: not applicable.
doi:10.1371/journal.pntd.0001575.t003
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followed. Pre-treatment of the mice 4 days before infection with
1H3, 2G4, or 7G4 did not result in survival, whereas the other
MAbs provided 30–90% protection. In the majority of cases,
treatment 1 day before infection resulted in lower survival rates
than 4 days before infection. Of the 8 MAbs, the most effective
MAbs for pre-treatment were 5D2, 5E6, and 7C9. They had the
highest survival rates (73–90%) and worked almost equally well on
both days 24 and +1.
Extending the start of treatment after infection also had
noticeable effects upon survival. Treating the mice on 1 or 2 dpi
was the most effective treatment time, with some MAbs (5D2;
100%, 5E6; 93%, 7G4; 100%, 10C8; 87%) being more protective
when given at 1 dpi, and the others (1H3; 50%, 2G4; 70%, 4G7;
100%, 7C9; 90%) when given at 2 dpi. Delaying the treatment to
3 dpi resulted in no survival for all MAbs except for 4G7 (10%
survival rate). In general post-exposure treatment worked better
than prophylactic treatment for the majority of the MAbs, except
5D2, 5E6, 7C9 which were highly effective at improving survival
in mice both before and after the infection.
MAb Treatment Protects Guinea Pigs from a Lethal GA-
ZEBOV Infection
All MAbs were once again tested individually in the guinea pig
model. The MAbs were given i.p. at 1 dpi with 1,000 LD50 of GA-
ZEBOV, and survival followed (Table 4). The PBS controls all
died with a mean time to death of 7.7 days. In those groups
receiving treatment, with the exception of 2G4 and 4G7, none of
the guinea pigs survived, but the mean time to death was
significantly extended (range of 9.4–11.7 days, p,0.050). For 2G4
or 4G7, the survival rate was 60%, demonstrating that the MAbs
can provide levels of protective efficacy individually in the more
stringent guinea pig model.
Since individual MAbs were partially protective in the guinea
pig, a second injection of the 3 neutralizing MAbs (1H3, 2G4, and
4G7) was included on 2 dpi (Figure 2). The guinea pigs were
divided into 6 groups (n=6), with one control group receiving only
PBS, and 5 groups each receiving one of the non-neutralizing
MAbs at 1 dpi, followed by the neutralizing MAb combination at
2 dpi. The PBS control treated animals all died with a mean time
to death of 7 days. In contrast, all of the MAb treated groups
demonstrated complete survival, except for 10C8 (83%). The
treatment also improved morbidity as the MAb-treated groups
maintained their weight in contrast to the controls that lost 6–7%
of their weight by 4 and 5 dpi. This demonstrates that a
combination of MAbs is an effective post-exposure treatment in
guinea pigs.
Neutralizing Mabs Alone Improve Survival in Guinea Pigs
Infected with GA-ZEBOV
As two of the neutralizing antibodies were shown to be more
effective at improving survival in guinea pigs (Table 4), the 3
ZEBOV GP-specific neutralizing MAbs were delivered as a
combination alone to see if they would be sufficient as a therapy
for an EBOV infection (Table 5). The combination of neutralizing
MAbs (1.5 mg 1H3+1.5 mg 2G4+2 mg 4G7) was given to guinea
pigs either 1 day before, or 1, 2 or 3 days after a 1000 LD50 GA-
ZEBOV infection, and survival followed. The PBS control group
all died, with a mean time to death of 6.5860.59 days. In contrast
all animals receiving the neutralizing MAb combination at 2 dpi.
survived. When the treatment was given on 3 dpi the percent
survival dropped to 66.7% with a mean time to death of
11.1763.09 days. Receiving the combination either one day
before or after resulted in a survival rate of 50%, with the
meantime to death of 11.1763.09 and 7.9260.42, respectively.
Overall, the neutralizing MAb combination improved survival in
all treatment protocols with the 2 dpi treatment protocol being the
most effective.
Discussion
In this study 8 ZEBOV GP-specific MAbs were tested for their
efficacy in protecting against a ZEBOV infection in both a mouse
and guinea pig model; and a post-exposure protocol for guinea
pigs was optimized. Individually, each MAb extended survival
partially, or completely after a lethal dose of MA-ZEBOV in mice,
whereas only the 2G4 or 4G7 treated groups demonstrated a 60%
survival rate against a GA-ZEBOV infection in guinea pigs. The
dose response in the mouse experiment suggests some MAbs were
more potent than others at improving survival, with 100%
protection with 12.5 mg 5D2 in comparison to an 83% survival
rate with 100 mg of 4G7 or 10C8 (Table 2). In general, the MAbs
worked best for both animal models when given after the start of
the infection, particularly at 1 and 2 dpi, before efficacy started to
decrease at 3 dpi This suggests that there may be a limited time
Table 4. Prolonged survival seen in MAb-treated guinea pigs.
MAb
a Mean time to death
b (days) No of survivors/total Survival (%) Student’s T-test
1H3 11.7062.18 ( n=5 ) 0/5 0 p=0.018
2G4 11.5061.50 ( n=2 ) 3/5 60 N/A
c
4G7 10.5061.50 ( n=2 ) 3/5 60 N/A
c
5D2 9.4061.02 ( n=5 ) 0/5 0 p=0.024
5E6 10.8061.47 ( n=5 ) 0/5 0 p=0.009
7C9 9.6060.80 ( n=5 ) 0/5 0 p=0.006
7G4 9.6060.80 ( n=5 ) 0/5 0 p=0.006
10C8 9.4061.20 ( n=5 ) 0/5 0 p=0.043
PBS 7.6760.75 ( n=6 ) 0/6 0 N/A
c
aGuinea pigs were treated i.p. with 5 mg of the MAb as shown in the table on day 1 after infection with 1000 LD50 of the GA-ZEBOV. Survival of the guinea pigs was
followed. The Student’s T-test compared the MAb treatment group to the PBS control.
bData for animals that died (number of animals in calculation).
cN/A: not applicable.
doi:10.1371/journal.pntd.0001575.t004
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Within this 2 day time span, some MAbs were more effective when
given at 1 dpi (5D2, 5E6, 7G4 and 10C8), and others at 2 dpi
(1H3, 2G4, 4G7, and 7C9) in the mouse model. It is possible that
since the MAbs and virus were both injected ip that the MAbs
might inhibit ZEBOV infection of cells and extend life. As the
MAbs were only partially effective when given individually in the
guinea pig model, a combination of 3 neutralizing MAb (1H3,
2G4, 4G7) at 2 dpi was tested in guinea pigs and found to provide
complete protection, and prevent morbidity. Each of these MAbs
binds to different regions of GP1,2. 1H3 and 4G7 bind to the N-
and C-terminus of GP1, respectively, whereas 2G4 binds to GP2
[36]. Targeting multiple regions of GP appears to be a successful
strategy. It is possible that a variety of mechanisms for preventing
infection are employed by the 8 MAbs that is reflected in the
differing amounts of MAbs needed, and the time of treatment in
which they are most effective. Some MAbs may have more affinity
for their epitope, or the epitope may be more accessible in the
natural conformation. There is precedence for this as two
ZEBOV-specific neutralizing MAbs KZ52 and JP3K11 were
found to neutralize ZEBOV by distinct mechanisms [42]. Based
on the various studies using ZEBOV-specific MAbs as a therapy
for EBOV infections, it appears that there is no way of predicting
which MAb would provide complete protection. However, initial
testing must begin in mice and guinea pigs in order to make the
initial determination about what therapeutic approach might be
best to test in NHPs and humans.
There have been several attempts at producing MAbs against
ZEBOV GP however no clear pattern has emerged suggesting
which primary sequence domain of GP is most immunogenic or
whether neutralizing antibodies are more successful [26,27,31–
34]. To date only neutralizing MAbs 133/3.16, 226/8.1 and
KZ52 have shown the capacity to improve survival in guinea pigs
[32,33,35]. MAbs 133/3.16 and 226/8.1 only provided partial
protection, while 25 mg/kg of KZ52 was completely protective in
guinea pigs when given at 21o r+1 hours, but had later failed to
protect NHPs [26]. Individually, none of the MAbs in this study
were as effective as KZ52 in the guinea pig model. However, a
combination of MAbs was more effective, and the treatment could
be delivered as late as 2 days after infection. This is a significant
extension from the 1 hour post-infection required for KZ52. This
is an important consideration as it is often difficult to begin
treatment as early as 1 hour after an infection.
All 8 MAbs in this study were originally selected by screening
for their SSS coating antigen [36]. Theoretically, the ability to
bind to the natural conformation may be more advantageous as it
is more likely that the epitopes would be available and not hidden,
or that the MAbs would be able to interfere with events required
for viral entry such as receptor binding, and membrane fusion.
Preventing entry into the cell would decrease the overall infection
levels thereby giving the immune system a better chance at
controlling the infection. There are many characteristics that make
Figure 2. A treatment regimen using a combination of MAbs
improves survival in GA-ZEBOV-infected guinea pigs. Guinea
pigs were infected with 1000 LD50 of GA-ZEBOV i.p., then treated on
1 dpi with 3 mg of one of the non-neutralizing MAb i.p. (5D2, 5E6, 7C9,
7G4, or 10C8), followed by an i.p. treatment on 2 dpi with a
combination of the 3 neutralizing MAbs ( 2 mg 4G7+1 mg 1H3+1m g
2G4). The control animals received PBS i.p.. The percent survival (A) and
average percent of the group weight (B) was determined.
doi:10.1371/journal.pntd.0001575.g002
Table 5. Protective Efficacy of MAbs in Guinea Pigs Infected with GA-EBOV.
Treatment Treatment time
a Meantime to death
b (days) No. of survivors/total
c Survival (%)
Neutralizing MAb Combination 21 11.1763.09 (n=3) 3/6 50
Neutralizing MAb Combination +1 7.9260.42 (n=3) 3/6 50
Neutralizing MAb Combination +2N / A
d 6/6 100
Neutralizing MAb Combination +3 11.1763.09 (n=4) 4/6 67
PBS +2 6.5860.59 (n=6) 0/6 0
aGuinea pigs were treated i.p. with a neutralizing MAb combination (2 mg 4G7+1.5 mg 1H3+1.5 mg 2G4) on the indicated days before or after challenge with 1000 LD50
GA-EBOV. The survival of the guinea pigs was followed.
bAverage time to death. (No. of animals in calculation).
cNumber of survivors at 28 dpi.
dN/A: not applicable.
doi:10.1371/journal.pntd.0001575.t005
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any two MAbs. Overall, the MAbs generated in this study and the
optimized protocols demonstrate their potential as a post-exposure
therapeutic against a ZEBOV infection. Because previous KZ52
antibody treatments that proved effective in guinea pigs later failed
to protect NHPs, it is vital that further evaluation of the
neutralizing MAb combination protocol should be conducted in
NHPs.
Acknowledgments
We wish to thank Jason Gren and Shane Jones for their expert assistance
with the animals.
Accession Numbers
The accession /ID number for Zaire Ebola virus GP1,2 is U23187.
Author Contributions
Conceived and designed the experiments: XQ SMJ. Performed the
experiments: XQ LF PLM JA HF GK JBA SMJ. Analyzed the data: XQ
JA JBA. Contributed reagents/materials/analysis tools: XQ LF PLM JA
HF GK JBA SMJ. Wrote the paper: XQ JA JBA.
References
1. Sanchez A, Geisbert TW, Feldmann H (2007) Filoviridae: Marburg and ebola
viruses. In: Knipe DM, Howley PM, Griffin DE, Lamb RA, Martin MA, et al.,
editor. Fields Virology Lippincott, Williams & Wilkins. pp 1409–1448.
2. Towner JS, Sealy TK, Khristova ML, Albarino CG, Conlan S, et al. (2008)
Newly discovered ebola virus associated with hemorrhagic fever outbreak in
uganda. PLoS Pathog 4(11): e1000212.
3. Feldmann H, Geisbert TW (2010) Ebola haemorrhagic fever. Lancet.
4. Feldmann H, Jones SM, Daddario-Dicaprio KM, Geisbert JB, Stroher U, et al.
(2007) Effective post-exposure treatment of ebola infection. PLoS Pathog 3(1): e2.
5. Geisbert TW, Hensley LE, Jahrling PB, Larsen T, Geisbert JB, et al. (2003)
Treatment of ebola virus infection with a recombinant inhibitor of factor VIIa/
tissue factor: A study in rhesus monkeys. Lancet 362(9400): 1953–1958.
6. Hensley LE, Stevens EL, Yan SB, Geisbert JB, Macias WL, et al. (2007)
Recombinant human activated protein C for the postexposure treatment of
ebola hemorrhagic fever. J Infect Dis 196 Suppl 2: S390–9.
7. Geisbert TW, Lee AC, Robbins M, Geisbert JB, Honko AN, et al. (2010)
Postexposure protection of non-human primates against a lethal ebola virus
challenge with RNA interference: A proof-of-concept study. Lancet 375(9729):
1896–1905.
8. Warfield KL, Swenson DL, Olinger GG, Nichols DK, Pratt WD, et al. (2006)
Gene-specific countermeasures against ebola virus based on antisense phosphor-
odiamidate morpholino oligomers. PLoS Pathog 2(1): e1.
9. Qiu X, Fernando L, Alimonti JB, Melito PL, Feldmann F, et al. (2009) Mucosal
immunization of cynomolgus macaques with the VSVDeltaG/ZEBOVGP
vaccine stimulates strong ebola GP-specific immune responses. PLoS One 4(5):
e5547.
10. Jahrling PB, Geisbert JB, Swearengen JR, Larsen T, Geisbert TW (2007) Ebola
hemorrhagic fever: Evaluation of passive immunotherapy in nonhuman
primates. J Infect Dis 196 Suppl 2: S400–3.
11. Bradfute SB, Braun DR, Shamblin JD, Geisbert JB, Paragas J, et al. (2007)
Lymphocyte death in a mouse model of ebola virus infection. J Infect Dis 196
Suppl 2: S296–304.
12. Rubins KH, Hensley LE, Wahl-Jensen V, Daddario DiCaprio KM, Young HA,
et al. (2007) The temporal program of peripheral blood gene expression in the
response of nonhuman primates to ebola hemorrhagic fever. Genome Biol 8(8):
R174.
13. Cilloniz C, Ebihara H, Ni C, Neumann G, Korth MJ, et al. (2011) Functional
genomics reveals the induction of inflammatory response and metalloproteinase
gene expression during lethal ebola virus infection. J Virol 85(17): 9060–9068.
14. Gupta M, Greer P, Mahanty S, Shieh WJ, Zaki SR, et al. (2005) CD8-mediated
protection against ebola virus infection is perforin dependent. J Immunol 174(7):
4198–4202.
15. Warfield KL, Perkins JG, Swenson DL, Deal EM, Bosio CM, et al. (2004) Role
of natural killer cells in innate protection against lethal ebola virus infection.
J Exp Med 200(2): 169–179.
16. Baize S, Leroy EM, Georges-Courbot MC, Capron M, Lansoud-Soukate J,
et al. (1999) Defective humoral responses and extensive intravascular apoptosis
are associated with fatal outcome in ebola virus-infected patients. Nat Med 5(4):
423–426.
17. Ksiazek TG, Rollin PE, Williams AJ, Bressler DS, Martin ML, et al. (1999)
Clinical virology of ebola hemorrhagic fever (EHF): Virus, virus antigen, and
IgG and IgM antibody findings among EHF patients in kikwit, democratic
republic of the congo, 1995. J Infect Dis 179 Suppl 1: S177–87.
18. Jones SM, Stroher U, Fernando L, Qiu X, Alimonti J, et al. (2007) Assessment of
a vesicular stomatitis virus-based vaccine by use of the mouse model of ebola
virus hemorrhagic fever. J Infect Dis 196 Suppl 2: S404–12.
19. Gupta M, Mahanty S, Bray M, Ahmed R, Rollin PE (2001) Passive transfer of
antibodies protects immunocompetent and imunodeficient mice against lethal
ebola virus infection without complete inhibition of viral replication. J Virol
75(10): 4649–4654.
20. Feldmann H, Volchkov VE, Volchkova VA, Stroher U, Klenk HD (2001)
Biosynthesis and role of filoviral glycoproteins. J Gen Virol 82(Pt 12):
2839–2848.
21. Feldmann H, Volchkov VE, Volchkova VA, Klenk HD (1999) The
glycoproteins of marburg and ebola virus and their potential roles in
pathogenesis. Arch Virol Suppl 15: 159–169.
22. Alazard-Dany N, Volchkova V, Reynard O, Carbonnelle C, Dolnik O, et al.
(2006) Ebola virus glycoprotein GP is not cytotoxic when expressed
constitutively at a moderate level. J Gen Virol 87(Pt 5): 1247–1257.
23. Yonezawa A, Cavrois M, Greene WC (2005) Studies of ebola virus glycoprotein-
mediated entry and fusion by using pseudotyped human immunodeficiency virus
type 1 virions: Involvement of cytoskeletal proteins and enhancement by tumor
necrosis factor alpha. J Virol 79(2): 918–926.
24. Wahl-Jensen VM, Afanasieva TA, Seebach J, Stroher U, Feldmann H, et al.
(2005) Effects of ebola virus glycoproteins on endothelial cell activation and
barrier function. J Virol 79(16): 10442–10450.
25. Maruyama T, Rodriguez LL, Jahrling PB, Sanchez A, Khan AS, et al. (1999)
Ebola virus can be effectively neutralized by antibody produced in natural
human infection. J Virol 73(7): 6024–6030.
26. Oswald WB, Geisbert TW, Davis KJ, Geisbert JB, Sullivan NJ, et al. (2007)
Neutralizing antibody fails to impact the course of ebola virus infection in
monkeys. PLoS Pathog 3(1): e9.
27. Wilson JA, Hevey M, Bakken R, Guest S, Bray M, et al. (2000) Epitopes
involved in antibody-mediated protection from ebola virus. Science 287(5458):
1664–1666.
28. Yang ZY, Duckers HJ, Sullivan NJ, Sanchez A, Nabel EG, et al. (2000)
Identification of the ebola virus glycoprotein as the main viral determinant of
vascular cell cytotoxicity and injury. Nat Med 6(8): 886–889.
29. Volchkov VE, Volchkova VA, Muhlberger E, Kolesnikova LV, Weik M, et al.
(2001) Recovery of infectious ebola virus from complementary DNA: RNA
editing of the GP gene and viral cytotoxicity. Science 291(5510): 1965–1969.
30. Simmons G, Wool-Lewis RJ, Baribaud F, Netter RC, Bates P (2002) Ebola virus
glycoproteins induce global surface protein down-modulation and loss of cell
adherence. J Virol 76(5): 2518–2528.
31. Shahhosseini S, Das D, Qiu X, Feldmann H, Jones SM, et al. (2007) Production
and characterization of monoclonal antibodies against different epitopes of ebola
virus antigens. J Virol Methods 143(1): 29–37.
32. Takada A, Ebihara H, Feldmann H, Geisbert TW, Kawaoka Y (2007) Epitopes
required for antibody-dependent enhancement of ebola virus infection. J Infect
Dis 196 Suppl 2: S347–56.
33. Takada A, Ebihara H, Jones S, Feldmann H, Kawaoka Y (2007) Protective
efficacy of neutralizing antibodies against ebola virus infection. Vaccine 25(6):
993–999.
34. Lucht A, Grunow R, Otterbein C, Moller P, Feldmann H, et al. (2004)
Production of monoclonal antibodies and development of an antigen capture
ELISA directed against the envelope glycoprotein GP of ebola virus. Med
Microbiol Immunol 193(4): 181–187.
35. Parren PW, Geisbert TW, Maruyama T, Jahrling PB, Burton DR (2002) Pre-
and postexposure prophylaxis of ebola virus infection in an animal model by
passive transfer of a neutralizing human antibody. J Virol 76(12): 6408–6412.
36. Qiu X, Alimonti JB, Melito PL, Fernando L, Stroher U, et al. (2011)
Characterization of zaire ebolavirus glycoprotein-specific monoclonal antibod-
ies. Clin Immunolin press.
37. Garbutt M, Liebscher R, Wahl-Jensen V, Jones S, Moller P, et al. (2004)
Properties of replication-competent vesicular stomatitis virus vectors expressing
glycoproteins of filoviruses and arenaviruses. J Virol 78(10): 5458–5465.
38. Bray M, Davis K, Geisbert T, Schmaljohn C, Huggins J (1998) A mouse model
for evaluation of prophylaxis and therapy of ebola hemorrhagic fever. J Infect
Dis 178(3): 651–661.
39. Connolly BM, Steele KE, Davis KJ, Geisbert TW, Kell WM, et al. (1999)
Pathogenesis of experimental ebola virus infection in guinea pigs. J Infect Dis
179 Suppl 1: S203–17.
40. Kohler G, Milstein C (1975) Continuous cultures of fused cells secreting
antibody of predefined specificity. Nature 256(5517): 495–497.
41. Wahl-Jensen V, Kurz SK, Hazelton PR, Schnittler HJ, Stroher U, et al. (2005)
Role of ebola virus secreted glycoproteins and virus-like particles in activation of
human macrophages. J Virol 79(4): 2413–2419.
42. Shedlock DJ, Bailey MA, Popernack PM, Cunningham JM, Burton DR, et al.
(2010) Antibody-mediated neutralization of ebola virus can occur by two distinct
mechanisms. Virology 401(2): 228–235.
Protective Ebola GP-Specific Monoclonal Antibodies
www.plosntds.org 8 March 2012 | Volume 6 | Issue 3 | e1575